Diarrheal disease is a severe global health problem. It is estimated that secretory diarrhea causes 2.5 million deaths annually among children under the age of five in the developing world. A critical barrier in treating diarrheal disease is lack of easy-to-use effective treatments. While antibiotics may shorten the length and severity of diarrhea, oral rehydration remains the primary approach in managing secretory diarrhea. Existing treatments mostly depend on reconstituting medicines with water that is often contaminated which can be an unresolved problem in the developing world. Standard treatments for secretory diarrhea also include drugs that decrease intestinal motility. This approach is less than ideal because in cases where infection is the cause, this can increase the incidence of bacterial translocation and the potential for sepsis. Our goal is to develop a safe, effective, easy-to-use, and inexpensive treatment to reduce fluid loss in secretory diarrhea. We have developed Rx100, which is a metabolically stable analog of lysophosphatidic acid. We tested the hypothesis that Rx100, similarly to lysophosphatidic acid, inhibits the activation of the cystic fibrosis transmembrane regulator Cl À channel and also reduces barrier permeability resulting in the decrease of fluid loss in multiple etiologies of secretory diarrhea. Here we have established the bioavailability and efficacy of Rx100 in cholera toxin-induced secretory diarrhea models. We have demonstrated the feasibility of Rx100 as an effective treatment for
Introduction
Secretory diarrhea (SED) is a major cause of death in the worldwide and is a major health challenge in developing countries that experience epidemics of select enterotoxinproducing bacteria. It affects individuals of all ages. [1] [2] [3] In 2017, the World Health Organization (WHO) classified acute watery diarrhea/cholera an emergency with over 80,000 cases (suspected and confirmed) in just two countries (Somalia and Yemen) from January-April 2017. 4 ,5 SED can be caused by infection of the gut by the enterotoxin-producing bacteria primarily Vibrio cholerae and Escherichia coli.
Impact statement
A critical barrier in treating diarrheal disease is easy-to-use effective treatments. Rx100 is a first in class, novel small molecule that has shown efficacy after both subcutaneous and oral administration in a mouse cholera-toxin-and Citrobacter rodentium infection-induced diarrhea models. Our findings indicate that Rx100 a metabolically stable analog of the lipid mediator lysophosphatidic acid blocks activation of CFTR-mediated secretion responsible for fluid discharge in secretory diarrhea. Rx100 represents a new treatment modality which does not directly block CFTR but attenuates its activation by bacterial toxins. Our results provide proofof-principle that Rx100 can be developed for use as an effective oral or injectable easy-to-use drug for secretory diarrhea which could significantly improve care by eliminating the need for severely ill patients to regularly consume large quantities of oral rehydration therapies and offering options for pediatric patients.
These enterotoxins bind to receptors on the apical surface of crypt cells and activate the adenylate cyclase located on the basolateral membrane. Increased production of cAMP leads to the activation of the cystic fibrosis transmembrane regulator (CFTR) Cl À channel that is responsible for an osmotic gradient which moves water and electrolytes mostly via paracellular transport due to the impairment of the gut barrier function [6] [7] [8] that collectively are the hallmarks of SED. 8, 9 The current standard therapy for SED is oral rehydration therapy (ORT) which involves fluid replacement using a mixture of water, salts, and glucose in specific proportions. ORT is useful and may reduce diarrhea mortality by up to 93% in children under the age of 5. 10 However, ORT is primarily a supportive care that has many serious limitations: (1) In many cholera outbreaks, clean water and storage vessels are not readily available for use in preparing oral rehydration solutions (ORSs) resulting in bacterial contamination of ORS.
11 (2) According to the WHO fluid replacement recommendations, in cases of just mild dehydration, a child five years of age may require up to 2.2 L of ORT in the first 4 h. However, this amount of clean water is rarely available in areas of developing countries stricken by diarrhea epidemic.
12 (3) In addition, for severe dehydration it is recommended that IV fluids and sometimes antibiotics be given in addition to ORT which is even more rarely available primitive rural settings. (4) Vomiting is often associated with SED which curtails the effectiveness of ORT. 13 In addition to ORT, current therapies include antimotility, antispasmodic drugs. These therapies also have many limitations as they tend to reduce the clearance of infectious agents from the gut lumen that if coupled with barrier damage can lead to the development of systemic infection. A product, Fulyzaq TM (crofelemer), was recently approved by FDA for the treatment of diarrhea caused by antiretroviral therapy. [14] [15] [16] The involvement of CFTR and the intestinal Ca 2þ -activated Cl À channel (CaCC) in SED is supported by numerous studies. 8, 9, 17, 18 There is evidence that the CFTR is the main pathway involved in SED. 18 A recent study using a V. cholerae infection model in adult mice confirmed the CFTR as a major host factor determining intestinal fluid secretion in cholera. 19 Fluid loss in SED is caused by active transepithelial Cl À secretion creating the electrochemical force and the osmotic driving force for massive paracellular and transcellular Naþ and water efflux into the lumen. 20 CTX has been shown to disrupt the tight junctions of the intestinal epithelial barrier 21 and lysophosphatidic acid (LPA) G-protein-coupled receptors (GPCR) have been shown to enhance the junctional complexes. 22 Because CFTR is expressed at the luminal membrane of crypt enterocytes, it represents a unique target for the development of drug candidates for the control of SED.
In an attempt to develop anti-secretory drug therapy for cholera, several classes of CFTR inhibitors have been identified and demonstrated to effectively reduce CTX-induced intestinal fluid secretion in both rats and mice. 6, 7, 23 However, CFTR has very important homeostatic functions in the lung and other secretory epithelial cells (sweat and salivary glands) that limit the applicability of agents that cause systemic inactivation of CFTR leading to cysticfibrosis-like symptoms. Thus, as opposed to systemic blockade of CFTR, a targeted inactivation of CFTR on the luminal surface of GI enterocytes is required.
The growth factor-like lipid mediator LPA plays an important regulatory role in the integrity and regeneration of the gastrointestinal tract. LPA is both a lipid mediator and an intermediate in phospholipid absorption/ biosynthesis. 24 LPA acts through six GPCR. 20, [25] [26] [27] GI enterocytes abundantly expresses LPA 2 . [28] [29] [30] [31] We have previously determined that the (LPA) receptor subtype 2 (LPA 2 ) and CFTR are physically associated via the Na-H exchange response factor 2 (NHERF2). [32] [33] [34] This clusters the LPA 2 receptor, and CFTR into a macromolecular complex at the apical plasma membrane of intestinal epithelial cells (Figure 1) . 32 LPA via the LPA 2 GPCR that is coupled to Gi heteromeric G-protein, when in physical complex with CFTR, inhibits this Cl À channel by reducing cAMP production in the membrane microdomain. 32 We have demonstrated that the inhibitory effect of LPA on CFTR-dependent fluid secretion in the ileal loop is absent in LPA 2 knockout mice demonstrating the essential role of LPA 2 in this pathway. 32, 33 LPA has short half-life in blood estimated to be $9 min; 35 thus, it is unsuitable for pharmaceutical applications. We developed an LPA "mimic," octadecyl thiophosphate (18:1d9, aka. Rx100) that stimulates all LPA GPCR with EC 50 values in the nanomolar range 36 and with improved metabolic stability in vitro. Agents that inhibit the CFTR Cl À channel tend to reduce CFTR-dependent diarrhea. Thus, our previous reports establishing the ligand-activation of the macromolecular complex of LPA 2 -NHERF2-CFTR is the foundation of functional inhibition between LPA 2 signaling and CFTR-mediated Cl À efflux responsible for fluid loss from the GI system. Of note, LPA also stimulates intestinal Naþ and fluid absorption by activating NHE3 through an LPA 5 -mediated signaling cascade which increases Naþ and fluid absorption that counteracts toxinactivated secretion. 37 Here we provide pharmacokinetic evidence for the drug-like pharmacokinetic properties and oral bioavailability underlying the high efficacy of Rx100 in rodents. We provide evidence for the anti-diarrheal actions of Rx100 in ileal open-and closed loop murine models of the SED disease. We show that oral administration of Rx100 significantly inhibited CTX-induced CFTR-mediated SED and SED induced by C. rodentium in mice. LPA has been shown previously to strengthen tight-and adherensjunctions between enterocytes and enhance the intestinal epithelial barrier. 38 We provide evidence that Rx100 increases trans-epithelial resistance (TER), reduces inulin permeability of Caco-2 cell monolayers, and maintains tight junction integrity following CTX exposure. Rx100 due to its simple structure and ease of manufacture coupled with its multiple cytoprotective actions in the gastrointestinal system has the potential to overcome many limitations of existing therapies in both industrialized and developing countries in the treatment of SED. 39, 40 Materials and methods Reagents Rx100 (Lysine salt) was synthesized under cGMP conditions by Johnson Matthey Pharma Services. Rx100 was prepared in 10 mM histidine and sterile filtered; 10 mM histidine was used for vehicle. CTX was obtained from Sigma and was reconstituted in HyClone water for injection (WFI) quality water (Fisher Scientific). Citrobacter rodentium (strain DBS100) was purchased from ATCC. Bicarbonate (7% W/V) buffer was used as the vehicle and diluents for the CTX studies.
Animals
All animal studies were conducted under protocols reviewed and approved by The University of Tennessee Health Science Center Institutional Animal Care and Use Committee. Cannulated male Wistar Rats sourced from Charles River ($200 g) were used for pharmacokinetic studies. C57BL/6 mice from Jackson Laboratories were used for the mouse pharmacokinetic and infection studies. CD1 mice (Jackson Labs) were used for the CTX studies. Animals with a loss !25% of starting body weight or showing signs of distress were euthanized.
Determination of RX100 pharmacokinetics and oral bioavailability in rodents
Forty male and forty female C57BL/6 mice received a single subcutaneous dose of Rx100 (1 mg/kg in WFI). Blood was collected from four male and four female mice at 0.5, 1, 2, 4, 6, 8, 12, 18, 24, and 48 h after dosing via cardiac puncture and processed as described below.
For the determination of oral bioavailability, three rats of each sex received a dose of 2 mg/kg Rx100 via intragastric gavage (1 mg/mL, 2 mL dosing solution per g body weight) and three rats received an IV dose of 1 mg/kg (1 mg/mL, 1 mL dosing solution per g body weight). Blood was collected via jugular cannula at the indicated time points and collected into microtainer plasma separator tubes containing lithium heparin. Plasma was isolated by centrifugation at 10,000 Â g for 10 min at 4 C and stored frozen at À80 C until analysis. Plasma samples were analyzed for Rx100 concentration using a previously developed test method. This analytical test method is for use with an API 4000 LC/MS/MS System (AB SCIEX), a PVA Sil column (2.00 Â50 mm, YMC America, Inc., Allentown, PA), and a mobile phase of chloroform:methanol:water:ammonium hydroxide (250/100/10/1) with 10 mM ammonium acetate. The method included calibration standards ranging from 1 ng/mL to 2000 ng/mL and used 50 mL plasma with a water-saturated 1-butanol extraction. The injection volume was 10 mL with an isocratic flow rate of 300 mL/min using MRM scanning and negative mode (Rx100, 363/94.8 Q1/Q3; IS, 402.1/95 Q1/Q3).
Concentration data were imported into Phoenix 6.4 software (Certara Inc., Princeton, NJ) and statistical analysis was performed on concentrations with sorting of route of administration and time points. A non-compartmental analysis was performed on the mean concentration at each time for both routes of administration.
Closed-loop studies
Closed-loop studies were conducted similarly to previously published methods with minor modifications. 41, 42 Prior to the study initiation, mice were deprived of food for 18 h with free access to water. Mice were given Rimadyl (7.5 mg/kg, subcutaneously (SC)) 2 h prior to surgery to ameliorate post-operative pain. Animals were anesthetized by a single injection of xylazine/ketamine (87/13 mg/kg, intraperitoneally (IP)). Body temperature was maintained during surgery using a heated circulating water pad. A small abdominal incision was made to exteriorize the small intestine. Two ileal loops were ligated using suture and injected with 25 ml CTX (1 mg) þ 25 ml of 10 mM histidine buffer or 25 ml CTX (1 mg) þ 25 ml Rx100 (7.2 mg/mL). 19, 32 The abdominal and skin incisions were closed and mice were allowed to recover. Animals were sacrificed 6 h later and ileal loops were isolated and weighed before and after removal of fluid by longitudinal incision. Loop lengths were also measured and recorded. Fluid accumulation ratio (FAR) was calculated as weight of the loop with fluid/weight of the loop after fluid removal.
Open-loop studies CTX (10 mg) prepared in bicarbonate buffer was delivered by oral gavage at time zero. Rx100 treatment was administered via SC or oral (PO) delivery of Rx100 at varying times in relation to CTX administration. Mice were sacrificed 6 h after CTX treatment. The gut was clamped at the pylorus and cecum, cleared of mesenteric tissue, and the length was measured and recorded. The weight of the intestinal segment from the pylorus to the cecum was recorded before (wet) and after removal of fluid by cutting longitudinally and gently blotting (dry). The weight ratio was calculated as above.
C. rodentium infection-induced diarrhea model in mice C57BL/6 mice were acclimated for seven days prior to use. C. rodentium (strain DBS100) from a frozen glycerol stock was streaked onto LB agar plates and incubated at 37 C overnight to obtain single colonies; 5 mL of sterile LB broth in a falcon culture tube was inoculated with a single colony from the nutrient agar plate and grown overnight at 37 C. Cell density was determined by measuring the optical density (OD) of the culture medium at 610 nm. Cell number corresponding to OD 610 was determined by serial dilution and plating. Accordingly, mice were inoculated with 2 Â 10 8 cells (100-150 mL) via oral gavage on study day 0. Beginning on day 1, mice received either Rx100 (SC, 0.1 or 1 mg/kg) or a volume matched vehicle. Dosing continued through study day 14. Animals were weighed every other day and stool samples were collected on study days 8, 10, and 12. Fecal pellet wet weights were recorded and pellets were stored at 37 C for 48 h at which time dry weights were collected. The water content of the fecal pellet was determined. Dry fecal pellets were extracted using HyClone WFI quality water (Fisher Scientific. and subjected to chloride assay (QuantiChrome Chloride Assay Kit, BioAssays Systems, Highland, UT) as per the manufacturer's instructions.
Cell culture and treatments
Caco-2 bbe cells (ATCC, Rockville, MD) were grown under standard cell culture conditions as described previously. 43 Experiments were conducted using cells grown in polycarbonate membrane transwell inserts (6.5 mm diameter) (Costar, Sigma-Aldrich, St Louis, MO) for nine days. Cell monolayers in transwell were preincubated with 20 mM of LPA or Rx100 15 min prior to incubation with CTX (5.1 mg/mL). Charcoal-stripped BSA (20 mM) and histidine (100 mM) were used a vehicle control for LPA and Rx100, respectively. After every 15 min, TER and inulin flux were measured as described previously. 44 
Epithelial barrier function
Transepithelial electrical resistance (TER) was measured using a Millicell-ERS Electrical Resistance System (Millipore, Bedford, MA). TER was calculated as Ohms cm 2 by multiplying it with the surface area of monolayer. To evaluate the paracellular permeability, cell monolayers were incubated with fluorescein isothio-cyanate (FITC)-inulin (6 kDa; 0.5 mg/mL) in the apical well and measured the unidirectional flux of FITC-inulin as described previously. 44 
Fluorescence microscopy
Caco-2 cell monolayers were fixed in 3% paraformaldehyde for 15 min at room temperature. Following permeabilization with 0.2% Triton X-100 TM , monolayers were blocked in 4% nonfat milk in TRIS-buffered saline with Tween 20 (20 mM Tris, pH 7.2 and 150 mM NaCl) and stained for Occludin (green) and ZO-1 (red) by immunofluorescence methods as described previously. 43 The fluorescence was examined by using a Zeiss LSM 710 laser scanning confocal microscope and 20Â objective lens. Images from x-y (1 mm) sections were collected using the Zen software. Images from sections were stacked using Image J (National Institute of Health, Bethesda, MD) and processed by Adobe Photoshop (Adobe Systems, San Jose, CA).
Statistical analysis
Graphs are the representation of group means AE standard error of the mean unless otherwise noted. Statistical analysis was performed on efficacy studies using analysis of variance with a Tukey post hoc test. Results were considered statistically significant with a P value 0.05.
Results
Pharmacokinetic properties and oral bioavailability of Rx100 in rodents
The pharmacokinetic properties of Rx100 were initially characterized in mice and was focused on the subcutaneous (SC) route of administration (Figure 2(a) and Table 1 ). Rx100 was rapidly absorbed after SC administration to healthy subjects with a Tmax of 1.0 h and a corresponding Cmax of 455 ng/mL in females and 570 ng/mL in males. The exposure (area under the curve, AUC) in females was 1593 hÂng/mL very similar to that of 1751.1 ng/mL in males.
Establishing bioavailability of Rx100 in rats given orally expands its range of applications. The bioavailability was calculated by comparing the total exposure (AUC) of Rx100 in mice over the course of the study period normalized for dose. As expected, the maximum concentration observed was much greater in the IV group compared with the oral group (1880 ng/mL vs. 125 ng/kg) because of the immediate availability of the compound after IV administration. The bioavailability of Rx100 when administered orally in 10 mM histidine was approximately 80% as illustrated in the plasma concentration vs. time curve (Figure 2(b) and (c)). This suggests that 80% of the dose given orally was absorbed into the blood stream and was available for drug action. These data confirm our hypothesis and support the development of Rx100 use for both oral and SC routes of administration.
LPA and Rx100 decrease CTX-activated paracellular transport via enhancement of tight junctions. CFTRmediate Cl À transport leads to the development of a luminal osmotic gradient that causes water movement into the lumen. The paracellular pathway is a major route of water and cation movement into the lumen. We examined whether LPA or Rx100 applied to Caco-2 polarized monolayer cultures would inhibit CTX-induced barrier leakiness measured by TER. LPA and Rx100 both significantly reduced CTX-induced decrease in TER by keeping the TER values similar to that seen in vehicle-treated controls (Figure 3(a) ). We also tested inulin flux under these conditions and found that LPA and Rx100 significantly reduced CTX-induced inulin flux across the Caco-2 monolayer (Figure 3(b) ). Next we examined the effect of LPA and Rx100 on the integrity of tight junctions using immunofluorescence staining for Occludin and zonula occludens protein-1 (ZO-1, Figure 3(c) ). These immunofluorescence experiments revealed massive disruption of tight junctions following CTX application that was evident from the lack of colocalization of Occludin with ZO-1. LPA or Rx100 treatment of the Caco-2 cultures attenuated the disruption in the colocalization of these two tight junction proteins indicating that these agents effectively prevented disorganization of tight junctions.
Rx100 inhibits CTX-induced fluid accumulation in an ileal closed-loop model. To provide proof of concept that Rx100 could be used as a drug therapy for SED, we first tested the effect of Rx100 on CTX-induced diarrhea in a closed-loop mouse model (Figure 4) . We determined fluid accumulation in response to CTX injection in an isolated loop compared to that elicited by the injection of buffer or Rx100 alone. In this model, an increase in FAR measured by the wet vs. dry weight ratio is a marker of increased fluid secretion. Vehicle/buffer negative controls and CTX þ vehicle positive controls were included in each study. The CTX groups were significantly different from the vehicle/buffer groups in each study (P 0.05). It is important to note that Rx100 alone had no effect on fluid accumulation. These results demonstrate the validity of our model and that Rx100 does not alter intestinal fluid basal secretion/absorption homeostasis.
We next used this model to study the efficacy of Rx100 in preventing the CTX-induced diarrhea. Treatment with 20 mM Rx100 injected intraluminally at the same time as CTX reduced FAR 2-fold ( Figure 4 , P < 0.05). The histidine/bicarbonate vehicle was used as a negative control in these experiments and showed no effect in reversing the CTX-induced increase in FAR. Rx100 is effective when administered to mice with fullblown CTX-induced diarrhea. Using the open-loop model established above, we examined the efficacy of Rx100 when administration was delayed after CTX exposure. Delayed administration of the drug in the open loop model is pathophysiologically more relevant for the assessment of its therapeutic potential for the treatment of patients with full-blown SED. Rx100 at its lowest effective dose of 0.1 mg/kg (SC) significantly (P < 0.05) reduced FAR when administration was delayed up to 3 h after exposure to CTX (Figure 7) , and remained effective as late as 4 h after administration. Note that there were no sex-dependent differences in the plasma profile of Rx100 after SC administration. Panel (b). Plasma concentration profile of Rx100 administered intravenously to male rats (n ¼ 3). Panel (c). Plasma concentration profile of Rx100 administered orally to male rats (n ¼ 3). Note that Rx100 was rapidly absorbed and highly bioavailable ($80%). (A color version of this figure is available in the online journal.) Rx100 inhibits C. rodentium infection-induced diarrhea in mice. To better mimic the condition that accompanies infection with toxin-producing bacteria, we used a C. rodentium infection-induced diarrhea model in mice to further elucidate the effect of Rx100 on SED. In this model, C. rodentium caused significant weight loss which accompanied increased fecal chloride content and demonstrated the suitability of the infection model for the diarrhea study (Figures 8 and 9 ). The time course of weight loss showed that Rx100 at the higher dose of 1 mg/kg was effective in completely preventing weight loss over the entire 14-day duration of the experiment (P 0.05). The lower 0.1 mg/kg dose has reversed weight loss by day 4 and the body weight in this group trailed that seen in the high-dose group for the remainder of the experiment (P 0.05).
In the group of mice treated with Rx100 at 24 h postinfection, Cl À secretion measured by the Cl À content of stool pellets was reduced compared to the vehicle-treated group on day 4 ( Figure 9 ). This decrease in Cl À secretion continued and increased by day 8 ( Figure 9 ). Interestingly, both the 0.1 and 1.0 mg/kg doses of Rx100 caused similar decreases in chloride secretion on day 8 that parallels the lack of difference in body weight between these two groups of mice (Figures 8 and 9 ). In summary, these experiments consistently demonstrated that Rx100 prevented infectioninduced diarrhea as evidenced by prevention of weight loss and lower fecal chloride content. Orally administered Rx100 inhibits CTX-induced intestinal fluid secretion. Based on the evidence that Rx100 was orally bioavailable (Figure 2) , we determined its effectiveness on SED of using the oral administration route. We applied the open loop mouse model of CTX-induced fluid secretion and found that 1.0 mg/kg Rx100 administered orally significantly reduced fluid secretion (P 0.01, Figure 10 ). A lower dose of 0.1 mg/kg dose of Rx100 also inhibited fluid secretion but was not significantly lower than CTX alone. We next determined the time course of effectiveness after oral delivery of Rx100 at the 1.0 mg/kg LPA analog, Rx100 1061   ............................................................................................................................................................... dose. Delaying treatment with Rx100 (1 mg/kg, PO) as long as 2 h after CTX maintained drug treatment efficacy in this model ( Figure 11 ). The effectiveness of Rx100 even after delaying treatment by 2 h demonstrates promise for expanding practical field use. Together, these results establish that 1.0 mg/kg Rx100 delivered orally is highly effective in preventing CTX-induced diarrhea in mice. Furthermore, these results indicate that Rx100 is effective when delivered post-infection or after the onset of diarrhea.
Discussion
SED is a major public health problem, especially in the developing world where sophisticated medical care that can rapidly replenish excessive fluid losses is rarely available compounded by the epidemic occurrence of the disease. The objective of the present study was to determine whether Rx100, a metabolically stabilized analog of LPA, would be effective in reducing fluid loss due to the toxin-mediated activation of the CFTR Cl À channel in the crypt enterocyte. Based on experiments conducted using CTX-induced closed-and openloop models, and C. rodentium infection-induced diarrhea models in mice, our findings establish that Rx100 has a therapeutic effect. Rx100 alone did not affect the basal rate of fluid secretion in the ileum closed loop model. However, it significantly reduced FAR, a measure of luminal fluid secretion, indicative of decreased fluid excretion. This effect was already significant at the low 0.1 mg/kg dose delivered SC ( Figure 6 ). Rx100 reduced fluid loss when administered to mice with full blown CTX-induced diarrhea. This suggests that the drug not only prevents but also reverses CTXinduced diarrheal fluid loss. Thus, it might prove to be beneficial in patients with symptomatic SED.
The observations made in the closed loop model were closely matched with our findings in the open-loop model that more closely resembles the human disease. In open loop model, Rx100 was proven effective when administered several hours after the onset of CTX-induced fluid discharge. These observations in the closed-and openloop CTX-induced SED models are similar to our earlier observations made with the natural agent LPA. 32 Mechanistically, we have previously determined and reported that LPA via the activation of the LPA 2 GPCR makes a PDZ-motif-dependent physical interaction with NHERF2 and CFTR, and via Gi inhibits CTX-induced activation of cAMP production in the enterocyte. 32 We have also shown that disruption of the assembly of this ternary macromolecular complex abolishes the inhibitory effect of LPA 2 on CFTR-mediated Cl À efflux into the lumen. 32 Rx100 is a full agonist of the LPA 2 receptor and has a longer halflife than LPA has in vivo. We also found that Rx100 protected Caco-2 cell monolayers from CTX-induced barrier leakiness. Our data shown in Figure 3 extend previous intestinal barrier protection studies conducted with LPA to Rx100, which with an efficacy similar to the natural mediator maintained TER and reduced inulin flux across the monolayer. 38 Mechanistically, we provide evidence that Rx100 achieved a part of its barrier protective effect by maintaining the integrity of tight junctions in CTX-treated monolayers indicated by the preservation of ZO-1 and Occludin colocalization. These results taken together make Rx100 a drug-like compound that has similar therapeutic benefits to LPA with multiple protective mechanisms in toxin-challenged epithelial layers.
We have extended the testing of Rx100 to the C. rodentium infection-induced diarrhea in mice. This model better mimics the human disease because it is accompanied by the complex immune response as well as the bacterial invasion of the entire organism. For these reasons, it is most important to recognize that Rx100 showed similar anti-diarrheal action in this model as it did in the CTX-injection models. Here we also determined stool Cl À concentration that confirmed our hypothesis that Rx100 reduced Cl À influx into the gut lumen.
ORT is the most widely used field therapy for the treatment of SED. However, some SED patients also vomit which limits the effectiveness of ORT. In this context, SC administration using a self-injectable syringe to deliver Rx100 appears to be a feasible drug delivery method in patients who cannot keep ORT down. However, many patients can consume ORT and in such cases the ease of orally delivered Rx100 pills would be preferred. A pharmacokinetic study was completed in mice and aided in the Rx100 dose and interval selection in the initial studies; however, to test the feasibility of oral delivery of Rx100, we determined its oral bioavailability and found that approximately 80% of the drug is bioavailable. This established the feasibility of oral testing in the C. rodentium infection-induced diarrhea model. Rx100 was effective when delivered PO as evidenced by the lack of weight loss in treated mice. The therapeutic effect was most robust at the higher 1 mg/kg/day dose group but from day 4 even the lower 0.1 mg/kg/day group showed no weight loss. Taken together, Rx100 offers therapeutic benefits when given subcutaneously or orally in the C. rodentium infection-induced diarrhea model. Thus, it might also show similar therapeutic benefits in patients with toxin-induced SEDs. In the next stage of our studies, we aim to initiate human phase 1 studies to assess the therapeutic feasibility of using Rx100 in the treatment of SED. Figure 11 . Effect of delayed administration of Rx100 on the FAR in the open loop CTX model. CTX was administered at 0 h and Rx100 (1 mg/kg, PO) was administered with delays between 0 and 3 h after CTX administration. Samples were collected 6 h after CTX administration. CTX significantly increases fluid accumulation compared with vehicle **P 0.005. Delaying administration by up to 2 h after CTX administration results in significantly reduced fluid accumulation than in animals receiving CTX and vehicle *P 0.001, Error bars represent SEM; n ¼ 6 per group.
